We have constructed a Thermus promoter probe vector pPPl1
Introduction perform; for example, numbers of transformants were
Thermus thermophilus is a Gram-negative aerobic microorganism which can grow at temperatures ranging from 50 to 82°C. A natural transformation system has been found in T. thermophilus and other Thermus strains [l] . We have demonstrated that all the T. thermophilus HB27 viable cells were competent, regardless of the growth phase [2] . Moreover, no special treatment is necessary to develop competence. Thus, transformation procedure is easy to obtained by only adding the wild-type chromosomal DNA to the culture of auxotrophic mutants of T. thermophilus. Plasmids can also be introduced into the recipient cells by the natural transformation system [l] .
It would be highly desirable to develop the hostvector system of T. thermophilus. The system would be useful for the efficient expression of foreign or own thermophilic genes, since thermophilic proteins are characterized by improper folding in mesophilic 
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Pstl in thermophilic microorganisms after the introduction of randomly mutated mesophilic genes. Some plasmid vectors have been developed for Z'. thermophilus [3-61. However, no expression vector has been developed due to the lack of knowledge about the promoter structures of T. thermophilus. Although more than fifty genes have been cloned from Thermus strains and their nucleotide sequences have been determined, the transcriptional starting points were determined for only five genes [7-lo] . It would be essential to determine the consensus promoter sequence of the microorganism.
In this paper, we describe the screening of DNA fragments which show promoter activities in T. thermophilus, sequencing analysis and determination of the transcriptional starting points.
Materials and methods

Bacterial strains, growth conditions and transformation procedure
Thermus thermophilus TH125(trpBS) [2] was used as a host strain throughout the experiments. T. thermophilus HB27 [l] was used as a source of donor DNA. TM medium for routine cultivation and minimal medium (MM) were described previously [l] . Transformation was performed as described previously [6].
DNAs, enzymes and chemicals
The plasmid pYK134 [6] carrying heat-stable kanamycin resistance (Km') gene and trpB gene of Thermus T2 was prepared as previously described [6] . Total DNA was prepared from HB27 by the method of Saito and Miura [l l] . An E. coli expression vector pKK223-3 containing tat promoter was purchased from Pharmacia. Restriction endonucle- 2.3. Construction of a promoter probe l:ector pYK134 was partially digested with EcoRl, the cohesive ends were filled with T4 DNA palymerase, followed by ligation and transformed into TH125. Plasmid DNAs were recovered from Km' transformants and analyzed by digestion with several restriction enzymes. A plasmid which lost the EcoRl site originally located downstream of the Km' gene was selected and designated as pYP11. pYPl1 was digested with Sal1 and self-ligated. The ligation mix-. ture was introduced into the TH125 cells. A plasmid pPPl1 without promoter fragment was screened from Trp ' transformants obtained on MM plates. These procedures are schematically represented in Fig. 1 . The TH12.5 cells carrying pPPl1 could not grow on a TM plate containing 20 pg/ml of Km, although TH125 carrying either pYK134 or pYPl1 could grow on TM plates containing up to 1000 pg/ml of Km.
Screening of HB27 fragments which showed promoter activities
Total DNA of HB27 (1.5 pg/ml) was sheared by sonication and separated by agarose gel electrophoresis. Randomly sheared fragments with sizes of loo-200 bp were recovered, then treated with T4 polymerase to make their ends blunt. EcoRl linker (5'-CCGAATTCGG-3') was added to the ends and digested with EcoRl. Donor DNA fragments with EcoRl sticky ends were recovered from an agarose gel again, then ligated with EcoRl-digested pPP11. The ligation mixture was used to transform TH125 and transformants were selected on TM plates containing 40 pg/ml of Km at 60°C.
Assay for kanamycin nucleotidyl transferase uctility
TH125 cells carrying plasmids were harvested after 5.5 h incubation in TM medium at 60°C then suspended in N buffer (20 mM Tris-HCl (pH 7.51, 20 mM MgCl,, 10% glycerol, 0.2 mM dithiothreitol, 50 mM NaCl), disrupted by sonication, followed by centrifugation (15000 X g, 10 min at 4°C). The supernatants were used as cell-free extracts. Kanamycin nucleotidyl transferase (KNTae) activity was measured using [ 3H]-ATP as described previously [ 121, and expressed as radioactivity incorporated into Km by 1 pg of total proteins after 30 min enzyme reactions.
DNA sequencing
The EcoRl fragments were cut out from recombinants and cloned in pUC18 or pUC19. DNA sequencing was performed using Taq Dye Primer Cycle Sequencing Kit (Applied Biosystems) and an automatic sequencer model 373A (Applied Biosysterns).
RNA preparation and reL,erse mapping
Total RNAs were isolated from TH125 cells as described previously [8] . Primer extension reactions with Nl primer (5'-TTCTTTCTTCTCTAGTC-3') were performed as described earlier [13] . The Nl primer hybridizes with a sequence located 20 bp downstream from the translational initiation codon of the Km' gene.
Results
Cloning of HB27 fragments which showed promoter actir:ities
Randomly sheared 100-200 bp fragments of HB27 total DNA were ligated with EcoRl digested pPPl1. After transformation of the ligation mixture, more than 1000 transformants appeared on TM plates containing 40 pg/ml of Km. Then, all the transformants were replica-plated onto TM plates containing 100 pg/ml, 500 pg/ml and 2000 pg/ml of Km. As a result, all the transformants were roughly divided into three groups; low (40-100 pg/ml), medium (100-500 pg/ml) and high (2000 pg/ml <) resistance levels. It is interesting to note that about 90% of the transformants showed a high resis- Table 1 Nucleotide sequences of the promoter region, relative amount of mRNAs, kanamycin nucleotidyl transferase activities and KmR levels of the clones tance level although first selection had been performed on TM plates containing only 40 pg/ml of Km. Twenty clones were randomly picked up from each group and lyzed by the standard alkaline method [13] . All sixty clones contained plasmids. Each plasmid was re-transformed into TH125 and transformants were selected on TM plates with 40 pg/ml of Km. Transformants were examined for their Km resistance again, and clones which showed the same resistance as that observed at the first resistance level examination were selected. Fifteen clones listed in Table 1 were thus obtained and used for further analyses.
Assay for kanamycin nucleotidyl transferase (KNTase) activity
Cell-free extracts were prepared from the fifteen clones and their KNTase activity was measured. The results are shown in Table 1 . KNTase activities were in good agreement with the resistance levels of the clones; the high resistance group showed an activity 214 ACGT of more than 3000 cpm/pg protein, the medium group showed an activity around 2000 cpm/pg protein, and the low resistance group showed an activity less than 2000 cpm/pg protein that is very similar to the activity obtained in the pPP1 l-carrying host (1000 cpm/l.c.g protein).
3.3. Determination of the DNA sequences and transcriptional starting points of the clones DNA sequenes of the inserted fragments of the 15 clones were determined. The lengths of the inserted fragments varied among the clones: the longest one was 248 bp (clone P203) and the shortest was 111 bp (clone P214). The complete sequences will appear in the DDBJ, EMBL, and GenBank nucleotide sequence data bases under accession number D43660-D43674. Only the nucleotide sequences of the promoter regions (+ 1 and upstream, see next paragraph) are shown in Table 1 . Since transcriptional starting points were not determined for the clones belonging to the low resistance group, their nucleotide sequence data are not shown in Table 1 .
37
ACGT Fig. 2 . Primer extension analysis of the P214 and P37 clones. A "P-labeled Nl primer was annealed to 50 ~g of total RNA from each clone. The primer was extended with reverse transcriptase, and the products were electrophoresed on a 6% polyacrylamide-7 M mea sequencing gel. The DNA sequencing ladder was prepared by using the same primer to sequence a recombinant plasmid template containing the relevant portion of clones. The time of exposure was twice as long in P214 than P37 because sequence ladder was too weak in P214. The arrows indicate the transcriptional initiation sites.
Total RNAs were prepared from the clones and the primer extension experiments were carried out with the same amount of RNA using the Nl primer. The representative results of the primer extension experiments are shown in Fig. 2 . Transcriptional starting points were determined for the clones belonging to the high and medium resistance levels. On the contrary, no reverse transcripts were observed for the clones belonging to the low resistance group. According to the strength of the radioactivity of the reverse transcripts, relative amounts of Km' mRNA were calculated and shown in Table 1 .
Discussion
In this study, we have cloned T. thermophilus HB27 DNA fragments which showed promoter activities using a newly constructed promoter probe vector pPP11. T. thermophilus TH125 carrying pPPl1 could not grow on a TM plate containing 20 pg/ml of Km. About 1000 transformants were obtained on TM plates containing 40 pg/ml of Km after the introduction of randomly sheared HB27 chromosomal fragments into the EcoRI site of pPP11. The Km' level of the clones was examined and 90% of them showed a high Km' (2000 pg/ml < 1. This result suggested that pPPl1 would be suitable for cloning of relatively strong promoters in T. thermophilus.
Twenty clones were randomly picked up from the high, medium and low Km' groups, respectively. Fifteen clones were selected from them and analyzed further. KNTase activities of cell-free extracts of the clones were in fairly good agreement with the Km' levels. Transcriptional starting points were determined for ten clones that showed high or medium Km' levels. The amounts of mRNAs synthesized in the clones belonging to the high resistance levels were larger than those of medium Km' clones, but the amounts varied among the high Km' clones. Moreover, there was no clear relationship between the amount of Km' mRNAs and KNTase activities. At this time, we cannot clearly explain this discrepancy. One possible explanation is that the sequences or secondary structures of S-nontranslated regions of mRNAs may have affected the translational initiation efficiencies. .~GACA i,;j TATAAT. The -35 and -10 sequences, their distances and percentage of A + T contents of the ten clones are shown in Table 2 together with the already reported promoter sequences of Thermus genes. Among the five genes whose transcriptional starting points were determined, three rRNA genes and the slpA genes (encoding S-layer protein) were highly expressed in Thermus strains [&lo] . No report is available on the amount of mRNA of the scs operon [9] . We speculate, from the gene products encoded by the operon, that the promoter activity of the scs operon should not be very strong.
The comparison shown in Table 2 suggests a possible interpretation for the fact that the sequences act as strong promoters in Thermus species. Consensus -35 and -10 sequences for E. coli promoters are TTGACA and TATAAT, respectively [14] . Com-parison between the Thermus -35 and -10 sequences and the E. coli consensus sequences revealed that strong Thermus promoters have more than 8 identical nucleotides in their -35 and -10 sequences. Moreover, the distances between -35 and -10 are 17 or 18 nucleotides. On the contrary, our clones P217 and P211, and the scs promoter have only 6 or 7 nucleotides identical with those of E. coli consensus sequences. Although the -35 and -10 sequences of the clone P7 showed high identity scores, the distance was only 16 nucleotides. From these findings, we speculate that not only identities to -35 and -10 sequences with the consensus ones, but also their distances are necessary for the DNA fragments to act as strong promoters in Thermus strains.
In order to confirm this hypothesis, E. cofi tuc promoter fragment was cut out from pKK223-3 and was introduced into the EcoRI site of pPP11. The sequence of the tuc promoter is TTGACAattaatCatcggctcgTATAAT (bold letters indicate -35 and -10 sequences) [15] . It contained the consensus -35 and -10 sequences with a distance of only 16 nucleotides.
T. thermophilus TH125 carrying the recombinant plasmid showed only a low level of Km'. The clone could not grow on TM plates containing more than 100 Kg/ml of Km. These results strongly support our hypothesis.
However, the amounts of synthesized mRNA varied among the 7 clones (P214, P43, P31, P215, P39, P35 and P37) with the high Km' level. They have almost the same -35 and -10 identities and the distances between -35 and -10 are all 17 or 18 nucleotides.
As indicated in Table 2 , the clones (P214, P43, P31 and P215) which showed relatively stronger promoter activities contained large amounts of A + T in the upstream regions. Hence, we postulate that, in determining the strength of promoters in Thermus strains, the AT-rich regions upstream of -35 also play an important role as the secondary factor in addition to the identities to -35 and -10 sequences with the consensus ones and their distances as the primary factor.
Strong promoters are useful for efficient expression of foreign genes in T. thermophilus. We have already started the construction of expression vectors utilizing the promoter fragments obtained in this experiment. The development of expression vectors and their use will be published elsewhere in the near future.
